We study observational consequences of the model for dark energy proposed in [1] . We assume our universe has been created by bubble nucleation, and consider quantum fluctuations of an ultralight scalar field. Residual effects of fluctuations generated in an ancestor vacuum (de Sitter space in which the bubble was formed) is interpreted as dark energy. Its equation of state parameter wDE(z) has a characteristic form, approaching −1 in the future, but −1/3 in the past. A novel feature of our model is that dark energy effectively increases the magnitude of the negative spatial curvature in the evolution of the Hubble parameter, though it does not alter the definition of the angular diameter distance. We perform Fisher analysis and forecast the constraints for our model from future galaxy surveys by Square Kilometre Array and Euclid. Due to degeneracy between dark energy and the spatial curvature, galaxy surveys alone can determine these parameters only for optimistic choices of their values, but combination with other independent observations, such as CMB, will greatly improve the chance of determining them.
Introduction.-It is widely accepted that the expansion of the present universe is accelerating. The first clear evidence for acceleration has been provided by observations of supernovae (SNe) of type Ia [2, 3] . Strong support has been given by the fact that other independent phenomena such as cosmic microwave background (CMB), baryon acoustic oscillation (BAO), etc., consistently suggest cosmic acceleration (see e.g., [4] for a review). The source of the accelerating expansion is attributed to dark energy of unknown origin, which has the equation of state (EoS) parameter w DE = p/ρ close to −1, contributing about 68% of the critical density [5, 6] . The next generation observations are expected to determine w DE to a percent level, and also its derivative with respect to the scale factor to a 10 percent level [4] .
At a time of great observational developments, an important direction of research would be to construct a theoretically motivated model of dark energy, and have it tested by observations. There are models which describe dark energy (see [7] for a review), such as quintessence (scalar field slowly rolling down a potential) and modified gravity, but they typically do not explain its origin. It remains a mystery why its energy density is extremely small compared to the fundamental scale, ρ DE ∼ 10 −122 M 4 P . In the previous paper [1] , five of the present authors proposed a model for dark energy, partially motivated by string landscape. Assuming our universe has been created by bubble nucleation from a metastable de Sitter space (the "ancestor vacuum"), residual effects of quantum fluctuations generated in the ancestor vacuum has been interpreted as the source of dark energy. Its equation of state parameter w DE (z) has a characteristic form as a function of the redshift z. The purpose of the present Letter is to assess the possibility of observational tests of this model. Observations that we consider to be particularly promising are galaxy surveys by Square Kilometre Array (SKA) [8] and Euclid [9], planned to start operating in the early 2020's. We will perform Fisher analysis and forecast the constraints for our model 1 . The theoretical setup.-We consider bubble nucleation due to quantum tunneling, which occurs e.g., in a potential for a scalar field Φ shown in FIG. 1 , left panel. The Hubble parameter of the ancestor vacuum will be de-noted H A . Our universe is inside the bubble, represented as Region I in FIG. 1 , right panel. It should have negative spatial curvature [11] . After bubble nucleation, the ordinary inflation with the Hubble parameter H I (≪ H A ) is assumed to occur.
We consider a scalar field φ which is different from the tunneling field 2 Φ and has zero expectation value. We assume the field φ to have mass m A before tunneling, and m 0 after tunneling, where m A and m 0 could be different. The latter is assumed to satisfy m 0 H 0 where H 0 ∼ 10 −33 eV is the present Hubble parameter. A candidate for such an ultralight field is one of the axion-like fields, expected to exist in string compactifications 3 [16] . In [1] , the contribution from the field φ to the vacuum expectation value of the energy-momentum tensor T µν has been computed, carefully taking into account the effect of the ancestor vacuum. In the free-field approximation, the energy-momentum tensor is quadratic in φ, thus T µν can be obtained by taking the coincidentpoint limit of the two-point function φφ computed by the method developed in 4 [21] [22] [23] . We refer the reader to [1] for details, and give an order-of-magnitude argument here. In the ancestor vacuum, quantum fluctuations give rise to the expectation value of the field-squared
A , as in pure de Sitter space (see e.g., [24] ). The field φ is almost frozen until now, due to the assumption m 0 H 0 (and one more condition ǫ ≪ 1, to be mentioned below). If so, the energy-momentum tensor is dominated by the mass term, and takes the form of cosmological constant (w DE = −1), with the magnitude
It is not difficult for this to have the same order of magnitude as dark energy,
Difference from quintessence.-At the level of the above heuristic argument, it makes no difference whether φ is a classical or quantum field. However, fully quantum mechanical analysis in [1] has the following two important differences from the classical case.
First, there is no ambiguity in the initial condition for the field φ, unlike in the classical case, in which one has to assign e.g., the axion misalignment angle by hand. Our prediction (1) is unambiguous when H A , m A , m 0 2 The tunneling field does not have a supercurvature mode [12] which will give the residual effect at late times (as explained below), and cannot serve as a source for dark energy. Gravitons [13] and vector fields [14] also do not have one. 3 Extremely small mass m 0 ∼ H 0 is considered to be possible because mass of a string axion arises typically due to instanton effects, and is exponentially sensitive to the instanton action [16] . 4 For studies of the CMB in this framework, see e.g. [12, [17] [18] [19] [20] .
are given. This is a virtue of bubble nucleation, which allows us to go past the beginning of the FLRW time and uniquely determine the vacuum state of a quantum field.
Second, the mode of φ which gives the dominant contribution at late times is not strictly homogeneous. It is an eigenfunction of the Laplacian on the spatial slice H 3 with a non-zero eigenvalue. There is a peculiar feature of modes on a hyperboloid. Normalizable modes decay exponentially (since the volume grows exponentially) at large distances; they have eigenvalues ∇ 2 = −(k 2 + 1) with real k. However, in an open universe created by bubble nucleation, there is the so-called supercurvature mode [21, 22] , which is non-normalizable on H 3 , and has an eigenvalue with imaginary k = i(1 − ǫ), i.e., ∇ 2 ∼ −2ǫ when ǫ ≪ 1. The parameter ǫ is determined by the properties of the ancestor vacuum,
when m A /H A ≪ 1, with an order-one coefficient c ǫ which depends on the size of the critical bubble 5 [1] . The supercurvature mode gives rise to long-range correlations in the open universe, which can be interpreted as the superhorizon fluctuations in the ancestor vacuum, seen from the inside of the bubble.
Observational signature.-The energy-momentum tensor for φ at late times is dominated by the contribution from the supercurvature mode. The spatial derivative term in T µν gives a non-zero contribution, (∇φ) 2 = − φ∇ 2 φ ∼ 2ǫ φ 2 . If ǫ ≪ 1 and m 0 ≪ H 0 (though these inequalities do not have to be very strong, in practice), the time-derivative term is negligible [1] . Then, the EoS parameter w DE can be obtained by simply taking the ratio of p to ρ, and becomes
where R c is the comoving radius of curvature, which is constant 6 . The final expression shows that the functional form of w DE (z) depends on a single parameter 7 ,
where
c is the fractional energy density of the spatial curvature at present. At late times, the mass term is dominant in (3), thus w DE (z) → −1. At early times 8 , the spatial derivative term becomes dominant, thus w DE (z) → −1/3. The past asymptotic value w DE (z) → −1/3 is unlikely to be realized in the ordinary inflation: T µν in de Sitter space with a de Sitter invariant vacuum should have w = −1; evolution of wave functions after inflation will give rise to non-zero time derivatives, not only spatial derivatives.
We regard the functional form of w DE (z) in (3) to be an indication of fluctuations generated before ordinary inflation 9 , but in fact, this may not be specific to open universe or bubble nucleation. If an infrared part of the fluctuations is enhanced relative to the usual magnitude H I and is frozen until now, it will contribute to the spatialderivative and mass terms of the energy-momentum tensor, giving the EoS parameter similar to (3). This can happen e.g., in a double inflation model in [26, 27] .
Eq. (3) leads to a simple relation between w 0 and its derivative w a = −dw/da| a=1 : Whenǫ ≪ 1, we have w a = 2(w 0 + 1) = 8ǫ/3. This relation could be testable by ongoing observations such as Dark Energy Survey [28] . This will be a first step toward testing our model. Eq. (3) yields the energy density of dark energy as a function of the redshift,
The mass term in the energy-momentum tensor gives the time-independent contribution 3M 2 . In terms of the model parameters, Ω Λ,0 is given by
, where c * depends on the size of the critical bubble 11 [1] . We can take (H I /H A ) 2ǫ ∼ 1 when ǫ is sufficiently small. The parameters H A , m A , m 0 in the model are related to the observables, Ω Λ,0 and ξ as
We will forecast the constraints for ξ, rather thanǫ = ξΩ K,0 . Since the definition of ξ is independent of Ω K,0 , it 8 Though we call it early times, we are assuming it to be later than the time when the supercurvature mode becomes dominant over the continuous modes. 9 Another possibility for realizing w DE (z) of (3) is to have two independent sources: one with w = −1/3 (such as cosmic strings) and the other with w = −1 (cosmological constant). 10 The fractional energy density of dark energy at present is the sum of the two terms, Ω DE,0 = (1 + 2 ǫ) Ω Λ,0 , but since ǫ ≪ 1, one can take Ω DE,0 ≈ Ω Λ,0 , in practice. 11 We have c * = 3/8π 2 in the small bubble limit, and c * = 3/4π 2 when the bubble occupies half of the ancestor de Sitter space.
is not constrained to be very small; we expect ξ = O(1) as a natural choice. If we can determine ξ from observations, (7) allows us to determine an important parameter H A . Fisher analysis for galaxy surveys.-SKA [8] is a ground based array of radio telescopes which covers about 3/4 of the sky and observes galaxies by detecting the 21cm emission line of neutral hydrogen. Euclid [9] is a satellite based telescope working in the visible and near-infrared wavelength domains. SKA phase 2 (SKA2) and Euclid are both expected to observe a billion galaxies up to the redshift z ∼ 2. In our analysis, we use the survey specifications described in [29] for SKA, and in [30] for Euclid. We take the power spectrum of galaxy distribution as an observable, and forecast the constraints on the parameters, following the standard procedure (see e.g., [32, 33, 35, 36] ).
As the fiducial cosmological model, we take a wCDM model whose dark energy is characterized by w in (3) with the negative spatial curvature. The Hubble parameter H(z) obeys
Interestingly, the spatial derivative term in the energymomentum tensor contributes exactly in the same way as the spatial curvature to Eqs. (8) and (9), effectively replacing Ω K,0 with Ω K,0 ≡ (1 + 2ξΩ Λ,0 ) Ω K,0 . Thus there is a tendency for degeneracy between Ω K,0 and ξ. On the other hand, the angular diameter distance,
is defined in terms of the true curvature Ω K,0 . This fact is expected to break the degeneracy.
We consider a model for galaxy distribution in the linear regime. The matter density contrast δ m satisfies the k-independent equation at the linear level (see e.g., [37] ),
An object of interest is the linear growth rate f ≡ d ln δm d ln a . The observed galaxy power spectrum in the redshift space is well described by
where P m (k, z) is the linear matter power spectrum, and b(z) is the so-called galaxy bias function, which should be chosen according to the type of target galaxies for the particular observation: for SKA, b(z) = c 1 exp(c 2 z) with constant c 1 and c 2 ; for Euclid, b = √ 1 + z. The term f µ 2 , where µ is the cosine of the angle between the line of sight and the wave vector k, represents the redshift space distortion [31] , due to the contribution to the observed redshift from the peculiar velocity driven by the clustering of matter (making dense region look denser). The factor e −k 2 µ 2 σ 2 NL with a free parameter σ NL ≈ 7 [Mpc] to be marginalized, is introduced to represent the inaccuracies in the observed redshift, which results in the line-of-sight smearing. Further, taking into account the geometrical effects due to the difference between the possibly incorrect reference cosmology and the true one, the so-called Alcock-Paczynski (AP) effect [34] , the observed power spectrum is given by [33] 
Here is the likelihood function when we regard {θ α } as probabilistic variables which depends on the data set. The matrix F αβ is the inverse of the covariance matrix, and the minimum 1σ error on θ α is given by (F −1 ) αα (no sum on α). In terms of galaxy power spectrum, the Fisher matrix can be written as [33, 35] 
where the effective volume of the survey is given by
The survey volume is divided into bins with the width ∆z = 0.1 in the redshift. Here V survey (z i ) is the comoving volume of the redshift slice centered at z i . The minimum wavelength is k min (z i ) = 2π/V set of fiducial values of the parameters, one can see the difference from ξ = 0 (i.e., time independent cosmological constant) at the 1σ level.
Discussion.-The above choice of parameters, (Ω K,0 , ξ) = (0.03, 0.8), is barely consistent with the current constraint on the spatial curvature. These parameters may take smaller values. In that case, it might be difficult to determine these parameters solely from the results of galaxy surveys in the near future.
To break the degeneracy between Ω K,0 and ξ, it is highly important to combine galaxy surveys with other observations of spatial curvature which have different dependence on the angular/luminosity/comoving distance. Possible detection of negative curvature by observations of the CMB will greatly improve the chance of determining the parameters, since the CMB involves larger z than the galaxy surveys, and will be more sensitive to the angular diameter distance. On the other hand, positive curvature at the level of Ω K,0 −10 −4 would falsify bubble nucleation, as argued in [38] , thus its detection would rule out our model.
If the results of galaxy surveys are consistent with our model with non-zero ξ, we may wonder whether this rules out other models. For instance, there is a quintessence model, called "scaling freezing" model 12 , whose EoS parameter approaches w DE → −1 in the future and w DE → 0 in the past, and the transition occurs around a ∼ a t . Although it would be difficult for galaxy surveys at z 2 to distinguish the past asymptotic values w DE → −1/3 and w DE → 0, in fact, there is already a strong constraint for the latter [39, 40] : The existing data of CMB, BAO, SNe, suggest that the transition has to occur quite early a t < 0.11 (i.e., z > 8.1). Thus, the model with the past asymptotic behavior w DE → 0 should have w DE ≈ −1 at z 2, and cannot be responsible for the possible deviation from w DE = −1 discussed in this Letter.
